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Electrochemical doping produces clear changes in the vibrational spectra of organic semi-
conductors as we show here for the system molybdenum oxide (MoO3) doped into the
charge transport material 4,40-bis(N-carbazolyl)-1,10-biphenyl (CBP). Based on density-
functional theory (DFT) calculations of vibrational spectra, the new spectral features can
be attributed to the CBP cation that forms as a result of electron transfer from CBP to
MoO3. The intensity of the new vibrational lines is a direct measure for the probability
of charge transfer. MoO3 agglomerating within the CBP matrix limits the active interface
area between the two species. The appearance of a broad electronic transition in the infra-
red range indicates a new electronic structure at the interface compared to the individual
components. The intensity of this electronic excitation serves as a measure for the interface
area indicating a linear increase with MoO3 concentration. Deposition onto cooled sub-
strates results in smaller agglomerates, and thus yields a higher efﬁciency.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Electrochemical doping has proven to enhance the
amount of free charge carriers and the conductivity of or-
ganic thin ﬁlms which has been demonstrated to improve
the performance of organic devices, e.g. the power
efﬁciency of organic light-emitting devices (OLEDs) [1].
P-doping in organic thin ﬁlms is caused by electron trans-
fer from the host to the acceptor molecule, creating a
charge-transfer-complex. These Coulomb bound charges
are separated with a certain dissociation probability that
depends on the energetic landscape surrounding the dop-
ant molecule [2]. Efﬁcient charge transfer is possible if
the electron afﬁnity of the dopant (EA) is equal or greaterthan the ionization energy of the host [1,3–5]. Due to their
high EA, typical p-type dopants are the strong organic
acceptor 2,3,5,6-tetraﬂuoro-7,7,8,8-tetracyanoquinodi-
methane (F4-TCNQ) [6,7], metal halides like copper iodide
(CuI) [8] and transition metal oxides like molybdenum
oxide (MoO3), tungsten oxide (WO3) and rhenium oxide
(ReO3) [4,9–11].
Typical doping concentrations of F4-TCNQ are usually in
the range of a few percents [1]. For transition metal oxides
unexpected low doping efﬁciencies (amount of generated
charge carriers per dopant) have been reported, making
high doping concentrations of up to more than 50 mol%
[11,12] necessary for maximum conductivity. Lehnhardt
et al. reported a doping efﬁciency of 2–4.5% for MoO3 in
2,7-bis(9-carbazolyl)-9,9-spirobiﬂuorene (S-2CBP) [13]
and Hamwi et al. found a doping efﬁciency of less than
2% for MoO3 in 4,40-bis(N-carbazolyl)-1,10-biphenyl (CBP)
[14]. Considering the electronic levels of CBP (IE = 6.2 eV)
and MoO3 (EA = 6.7 eV) [9] electron transfer from CBP to
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ing efﬁciencies are rather unexpected and demonstrate
that the morphology of the doped system and the dissoci-
ation probability of charge transfer states have to be con-
sidered. Just recently TEM-measurements by Lee et al.
showed that MoO3 and ReO3 tend to form nanoclusters in
N,N0-bis(1-naphtyl)-N,N0-diphenyl-1,10-biphenyl-4,40-dia-
mine (a-NPD) and CBP [15]. Using TEM-tomography,
Donhauser et al. revealed that MoO3 doped into CBP forms
nanoﬁlaments with a diameter of about 1 nm at doping
concentrations of 23 and 57 mol% Mo3O9 [16]. The agglom-
eration of dopants in the organic matrix leads to a reduc-
tion of the dopant host interface area and by that to a
decreased doping efﬁciency. Donhauser et al. also showed
that these MoO3-nanoﬁlaments do not form if the sub-
strate is cooled during ﬁlm deposition [16].
Infrared (IR) spectroscopy is a sensitive and non-
destructive technique to determine the charge transfer be-
tween molecules. This has already been shown for charge
transfer complexes (CTCs) with the acceptor molecules
7,7,8,8-tetracyanoquinodimethane (TCNQ) [17,18] and
F4-TCNQ [18–20]. The additional charge of one electron
on TCNQ leads to a shift of the stretching vibration of the
cyano group by about 26 cm1 as measured by Nanova,
et al. [18], therefore the position of this vibration can be
used as a measure for the charge transfer towards men-
tioned acceptors in different CTCs.
We investigated the doping efﬁciency of MoO3 in the
ambipolar charge transport material CBP for different dop-
ing concentrations using in situ Fourier-transform (FT) IR
spectroscopy. Doping MoO3 into the CBP matrix leads to
additional vibrational peaks in the ﬁngerprint region
evoked by CBP cations and an electronic excitation in the
mid-IR to near-IR region and reveals that about 11% of
the Mo3O9 dopants create charged CBP molecules. Using
the intensity of the spectral changes as a measure for the
interface area between MoO3 and the organic matrix, we
proof that the agglomeration of MoO3 is signiﬁcantly ham-
pered by cooling the substrate during ﬁlm deposition in
agreement with TEM-measurements by Donhauser et al.
[16].2. Experimental
The samples were prepared and measured in a custom-
built ultrahigh vacuum (UHV) chamber that is connected
to an FTIR spectrometer. Doped ﬁlms were deposited onto
a silicon substrate with natural oxide by co-evaporation of
the individual materials from a two-crucible evaporator
(MBE components). The resistively heated quartz crucibles
were embedded in a water-cooled copper block to avoid
crosstalk. Deposition rates were measured with a quartz
crystal microbalance, which was calibrated by proﬁlome-
ter measurements (Veeco DEKTAK150) of test samples.
We kept the deposition rate of CBP constant at 2 nm/
min and the rate for MoO3 deposition was varied to adjust
dopant concentration for the various samples between
2 mol% and 54 mol% Mo3O9. Frommass spectroscopic anal-
ysis it is known that molybdenum trioxide evaporates in
form of clusters with varying size, with Mo3O9 being thedominant fraction [21]. Therefore the doping concentra-
tions of all our ﬁlms are given in mol% of Mo3O9. CBP and
MoO3 with a purity of 99.9% and 99.99% respectively, were
purchased from Sigma Aldrich. The background pressure
during ﬁlm deposition and IR measurement never ex-
ceeded 8  109 mbar.
If not indicated otherwise in the following, the sub-
strate was kept at room temperature during deposition
and measurement of the ﬁlm. Evaporation of doped ﬁlms
onto cooled substrates was carried out at a substrate tem-
perature of 120 K. The temperature was measured by a
type N thermocouple, which is ﬁxed in close vicinity to
the sample holder. A previous calibration of substrate sur-
face vs. sample holder temperature allows for accurate
control of the substrate temperature.
IR spectra were measured using a FTIR spectrometer
Vertex80v (Bruker). The spectrometer was directly at-
tached to a port of the UHV-chamber in which the ﬁlms
were prepared. By using mirror optics, the IR-beam was fo-
cused onto the sample in the UHV. After transmission
through the sample the IR-beam was directed onto a li-
quid-nitrogen-cooled mercury-cadmium-telluride (MCT)
detector that is attached to another port of the UHV cham-
ber. Both, the spectrometer and the detector housing were
evacuated to a pressure of 2 mbar. The spectra were taken
during the deposition of the ﬁlm in transmission geometry
with a resolution of 4 cm1. All spectra shown here are rel-
ative to the spectrum of the bare Si substrate at the corre-
sponding temperature as reference.3. Quantum chemical calculations and methods of
spectral analysis
3.1. Quantum chemical calculations
All calculations employ density functional theory (DFT)
and have been carried out with the program suite TURBO-
MOLE [22–25]. We used the B3-LYP functional [26–28] in
this work for geometry optimizations and calculation of
harmonic frequencies. All calculated frequencies have been
scaled with a universal factor of 0.972 [29]. We used the
split valence plus polarization (SVP) basis set [30] through-
out this work.
The equilibrium structures of molecules (CBP, CBP+1,
MoxO3x) as well as vibrational frequencies and oscillator
strengths have been calculated for isolated molecules, i.e.
effects of the environment are neglected. Vibrational fre-
quencies have been calculated in the harmonic approxima-
tion, thus higher-order effects like Fermi resonances are
not reproduced by the calculations.
Based on the calculated oscillator parameters of CBP
and CBP+1, respectively, a dielectric function has been sim-
ulated. For the dielectric background we used e1 = 2.9 as
measured ex situ with 38 nm CBP on Si using IR-spectral
ellipsometry [31]. The oscillators were described as Bren-
del oscillators [32] with a damping of 4 cm1 (just as the
experimental resolution) and a Gaussian broadening of
3 cm1 [33]. With such dielectric functions we calculated
the transmission spectra of thin CBP and CBP+1 layers on
Si substrates [34]. The chosen values for damping and
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corresponding to the width of the most narrow absorption
bands in the measured CBP spectrum.
3.2. Fitting procedures applied to experimental CBP spectra
We ﬁtted a dielectric function with e1 = 2.9 and several
Brendel oscillators to the measured IR spectrum of 68 nm
CBP in the frequency range from 1100 cm1 to 1700 cm1
[34]. The position, strength, and the Gaussian broadening
of the oscillators were treated as ﬁt parameters. Lorentzian
damping was again kept constant at 4 cm1. In total, 28
Brendel oscillators were sufﬁcient to produce a good ﬁt
to the experimental data. This procedure provides us the
experimental dielectric function of CBP.
The IR spectrum of CBP doped with 54 mol% Mo3O9 was
analyzed in a similar way. We used the experimentally ob-
tained dielectric function of CBP to determine the relative
amount of neutral CBP in the spectrum. All additional
vibration modes in the measured spectra were assigned
to the CBP cation and ﬁtted by additional Brendel oscilla-
tors. The resulting experimental dielectric function of the
CBP cation consists of 32 Brendel oscillators. It was applied
to derive the experimental transmission spectrum of CBP
cation.
Comparison to DFT-based spectral functions enables
the assignment of vibrational modes.
4. MoO3 spectra
Fig. 1 compares vibrational data for the measured spec-
trum of 68 nmMoO3 on Si to DFT-calculated bands (shown
with a Gaussian broadening of FWHM = 10 cm1) for single
Mo3O9- and Mo4O12-clusters, respectively. The measured
IR spectrum shows a broad absorption band below
980 cm1 and a weak shoulder at 991 cm1. The DFT-based
cluster calculations yield two lines per cluster in the mid
IR, the ﬁrst one at 845 cm1 (Mo3O9) and 881 cm1
(Mo4O12) and the second one at 1010 cm1 (Mo3O9) andFig. 1. DFT-calculated IR spectra of one Mo3O9 and one Mo4O12 cluster with a
spectra of molybdenum oxide on Si deposited and measured at RT and at 120 K1009 cm1 (Mo4O12), respectively. For both cluster sizes,
the lower-wavenumber absorption arises from the
Mo–O–Mo stretching vibration in Mo–O–Mo bridges. The
position of this mode also depends on the size and
stoichiometry of the molybdenum oxide cluster. Additional
DFT calculations on non-stoichiometric Mo3O8, Mo4O10
and Mo4O11 supported this ﬁnding (spectra not shown).
The calculated absorption above 1000 cm1 originates
from the stretching vibration of the terminal oxygen of
the clusters and shows only a very weak dependence on
cluster size and stoichiometry. Based on the DFT calcula-
tions, we assign the broad absorption below 980 cm1 in
the measured spectrum to the stretching vibration of the
Mo–O–Mo bridge and the absorption at 991 cm1 to the
stretching vibration of the terminal oxygen, in accordance
to literature [31–37]. For very large clusters, the bridge
mode evolves to a bulk optical phonon, which mainly
explains the strong broadening of this band. Additionally,
the broadening may be enhanced by the appearance of dif-
ferent cluster sizes and stoichiometries in the amorphous
ﬁlm. It can be observed that for low-temperature-depos-
ited MoO3, the bulk-type feature broadens and the surface
mode feature increases. This can be taken as an indicator
for more defects at grain boundaries than in ﬁlms depos-
ited at room temperature. Above 1000 cm1, MoO3 does
not show any absorption in the IR range.5. IR spectra for various dopant concentrations
In Fig. 2 we show the measured IR spectrum of 68 nm
CBP and the corresponding DFT-calculated spectrum. The
comparison allows us to assign the most intensive absorp-
tion lines of the experimental spectrum to certain vibra-
tional modes, see Fig. 2 and Table 1. Experimental and
simulated spectra are in good agreement, as only small
deviations due inter-molecular interaction and anhar-
monic effects remain. The largest deviation between mea-
sured and calculated spectra appear at 1317 cm1
(calculation: 1299 cm1) and at 1603 cm1 (calculation:Gaussian broadening of FWHM = 10 cm1 (top). Measured transmission
, respectively (bottom).
Fig. 2. DFT-calculated IR spectrum of CBP (top). Measured transmission spectrum of 68 nm CBP on Si (bottom). The vertical lines indicate the assignment of
the calculated modes to the experimentally determined absorption bands. An overview of all highlighted modes is given in Table 1.
Table 1
Assignment of selected calculated and measured absorption bands of CBP
to dominating atomic displacements. Numbering corresponds to Fig. 2. d
and m refer to deformation and stretching modes, respectively. ‘oop’ and ‘ip’
indicate out of plane and in plane modes. ‘c’ and ‘b’ indicate a dominant
localization on the carbazole groups or biphenyl, respectively.
Mode
number
in Fig. 3
DFT calculated
wavenumber
(cm1)
Measured
wavenumber
(cm1)
Assignment
1 733 723 d(C–H)oop,c
2 762 748 d(C–H)oop,c
3 829 823 d(C–H)oop,b
4 1217 1230 d(C–H)ip,c
5 1299 1317 d(C–H)ip
6 1343 1335 d(C–H)ip, m(C–N), m(C–C)
7 1364 1360 d(C–H)ip, m(C–N)
8 1442 1450 d(C–H)ip,c
9 1497 1506 d(C–H)ip,b, m(C–N)
10 1620 1603 m(C–C)b, d(C–H)ip,b
578 T. Glaser et al. / Organic Electronics 14 (2013) 575–5831620 cm1). For the other modes in the ﬁngerprint region
the deviation is less than 14 cm1 as observed in similar
studies [29,33]. The atomic displacement vectors of mode
number 10 (C–C stretching mode coupled to a C–H defor-
mation at the biphenyl of CBP) are shown in Fig. 3.
When MoO3 is doped into the CBP-matrix, additional
modes appear in the IR-spectrum. The most prominent
vibrational changes in the spectra are the absorption bands
at 1571 cm1 and 1594 cm1. Several spectra of CBP ﬁlms
with increasing doping concentration are shown in Fig. 4.
While new bands appear with increasing doping concen-
trations, CBP absorption bands become slightly weaker in
intensity, see for example the absorption band number 9
at 1506 cm1 in Fig. 4. The spectral changes due to doping
can be explained by the formation of CBP cations in the
ﬁlm. These cations exhibit a different vibrational spectrum
compared to the neutral molecule as the removal of one
electron leads to a reorganization of the molecular geome-
try thereby changing bonding lengths and force constantsof the organic molecule. The DFT calculated spectrum of
CBP+1 is also shown in Fig. 4. It exhibits its strongest
absorption bands at 1604 cm1 and 1617 cm1, which are
reﬂected in the experimental spectra of doped ﬁlms by
strong spectral changes at 1571 cm1 and 1594 cm1 (indi-
cated as c9 and c10 in Fig. 4 and Table 2).
The absorption band arising at 993 cm1 for higher dop-
ing concentrations is caused by the stretching vibration of
the terminal oxygen in MoO3. This mode shows a higher
intensity in the spectrum of the ﬁlm doped with 54 mol%
with respect to the spectrum of 22 nm MoO3 even though
both ﬁlms contain the same amount of MoO3 molecules.
This increased intensity is caused by a larger amount of
terminal oxygen groups and thus smaller-sized MoO3 clus-
ters in the doped ﬁlm compared to the amorphous MoO3
layer.
Above 2000 cm1 a broad absorption appears upon
doping with MoO3, as can be seen in Fig. 5. This broad
absorption is the superposition of at least two absorption
bands located at about 3800 cm1 and 5200 cm1. The en-
ergy range and the large line width indicate an electronic
excitation. Such features do not appear in the spectra of
the individual materials. These excitations are transitions
between charge transfer states that form at the interface
between CBP and the molybdenum oxide agglomerations
and are located at the interface. The intensity of the
electronic excitations is a measure for the interface area
between MoO3 and the CBP matrix.6. Analysis of doping efﬁciency
For the pure CBP cation no experimental IR spectrum
exists. Therefore we extracted the experimental dielectric
function of the CBP cation by ﬁtting the spectrum of
CBP:MoO3 (54 mol%) as described in Section 3.2. We used
it to derive the experimental vibration spectrum of only
CBP cations. This experimental cation spectrum is needed
to quantify the effect of doping, in other words to
Fig. 4. DFT-calculated IR spectra of CBP and CBP+1 (top). Measured IR spectra of CBP, CBP:MoO3 with varying doping concentrations, and of MoO3, as
indicated in the middle (bottom). All the doped layers contain the same amount of deposited CBP molecules, corresponding to a pseudo thickness of 50 nm
CBP. The thickness of the MoO3 layer (22 nm) corresponds to the pseudo thickness of MoO3 in the doped ﬁlm with 54 mol% doping concentration. Vertical
dotted lines indicate mode assignments according to Tables 1 and 2. The vertical line at 991 cm1 indicates the stretching vibration of the terminal oxygen
of MoO3.
Fig. 3. 4,40-bis(N-carbazolyl)-1,10-biphenyl (CBP) with displacement vectors of the C–C stretching mode coupled to a C–H deformation mode on the
biphenyl located at 1620 cm1 (mode number 10 in Table 1).
T. Glaser et al. / Organic Electronics 14 (2013) 575–583 579determine the amount of charge transferred between CBP
and MoO3. In Fig. 6, the experimental spectrum of the
CBP cation is compared to the one based on DFT calcula-
tions. The assignment of the cation modes in Table 2 is
based on the spectral comparison indicated in Fig. 6. The
agreement with the calculation is not as good as for the
neutral CBP molecule, but the main new vibrationalfeatures in the doped layer can be attributed to vibrations
of the cation. For the assigned vibration modes, the differ-
ence in position is up to 47 cm1, but the intensity pattern
for the strongest modes is relatively well reproduced.
Additionally, the experimental absorption bands are
broader than those of the neutral CBP spectrum. We expect
the charged CBP molecules to be located at the interface to
Table 2
Assignment of selected calculated and measured absorption bands of the
CBP cation to dominating atomic displacements. Numbering corresponds to
Fig. 6.
Mode
number in
Fig. 6
DFT calculated
wavenumber
(cm1)
Measured
wavenumber
(cm1)
Assignment
c1 1166 1153 d(C–H)ip
c2 1214 1188 d(C–H)ip
c3 1336 1298 d(C–H)ip,
m(C–N)
c4 1366 1329 d(C–H)ip,c,
m(C–C)c
c5 1391 1357 d(C–H)ip,b,
m(C–C)b
c6 1430 1443 d(C–H)ip, c,
m(C–N)
c7 1478 1489 d(C–H)ip
c8 1570 1523 d(C–H)ip,c,
m(C–C)c
c9 1604 1571 d(C–H)ip,
m(C–C)
c10 1617 1594 m(C–C),
d(C–H)ip
580 T. Glaser et al. / Organic Electronics 14 (2013) 575–583the molybdenum oxide columns in direct vicinity to the
negative countercharge. Due to the interaction between
the charged donor and acceptor molecules, the molecular
distortion of CBP cation depends on the distance and orien-
tation of the cation relative to the countercharge on the
MoO3 agglomerates. Hence the disordered interface is ex-
pected to cause the broadening of the measured vibration
bands. One also has to consider, that when deriving the
experimental spectrum of the CBP cation, the additional
MoO3-concentration in the layers was neglected. We did
not consider the change in background dielectric constant
upon doping, however the resulting error should be rather
small since e1 = 3.1 for MoO3 (as measured for a MoO3
layer using IR ellipsometry) is only little larger than that
of CBP (e1 = 2.9).Fig. 5. IR spectra of CBP and CBP:MoO3 in varying doping concentrations sho
3000 cm1 is the C–H stretching mode of CBP. All layers contain the same amouTo evaluate the spectral change due to doping in the
ﬁlms doped with 2–54 mol%, the experimental spectra
were ﬁtted as superposition of the experimental spectra
of CBP and CBP cation in the range from 1100 cm1 to
1700 cm1, with the relative weighting factor of the CBP
cation spectrum as only ﬁt parameter. The total thickness
of CBP was in accordance to the value determined by the
quartz crystal microbalance (within the error limits). For
all the doping concentrations under investigation, the ﬁt-
ted spectrum was in very good agreement to the measured
spectrum.
In order to relate the weighting factor of the CBP cation
spectrum to the amount of CBP cations, we proceeded as
follows: The intensity of the vibration mode of the neutral
CBP molecule at 1506 cm1 is a direct measure for the
amount of neutral CBP molecules in the doped ﬁlms, as
the CBP cation does not absorb at this frequency. Therefore,
by ﬁtting the oscillator strength of this mode in the spectra
for various doping concentration, we arrived at the relative
amount of neutral CBP molecules in these ﬁlms. Between 2
and 54 mol% the content of neutral CBP decreases linearly
with doping concentration (within experimental errors),
and, for example, for a doping concentration of 54 mol%,
there are 13 ± 4% of the CBP molecules in the charged state.
In the near IR, the broad excitation that arises upon dop-
ingwasﬁtted to three Lorentzoscillators positionedat 3805,
5187, and 7090 cm1 (at doping concentration of 54 mol%).
In order to quantify the intensity change of this excitation
upon dopingwith various lower concentrations, the oscilla-
tor strengths were ﬁtted in the range 1650–7000 cm1,
keeping damping, relative intensity, and position constant.
In Fig. 7 the intensity increase of the additional vibra-
tion modes in terms of charged molecules relative to the
total amount of CBP molecules is shown together with
the intensity of the electronic excitation for the various
doping concentrations. Both changes in the spectrum
increase linearly with the amount of Mo3O9 per matrix
molecule. It is worth to mention that also the intensity of
the stretching vibration of the terminal oxygen of MoO3wing the broad electronic transitions. The narrow absorption at about
nt of CBP, corresponding to a pseudo thickness of 50 nm CBP.
Fig. 6. DFT-calculated (top) and experimental (bottom) spectrum of the CBP cation. The experimental spectrum was obtained by extracting the dielectric
function of CBP cation from the spectrum of CBP:MoO3 (54 mol%). The assigned vibrational modes are given in Table 2.
Fig. 7. Ratio of charged CBP molecules to the total amount of CBP molecules (as deposited) vs relative amount of Mo3O9 clusters per matrix molecule. The
data points were derived by ﬁtting the vibrational spectra as superposition of CBP and CBP cation spectrum (left axis) and the relative intensity of the
electronic excitation (right axis). The intensity of the electronic excitation is normalized to the sample doped with 54 mol% Mo3O9.
T. Glaser et al. / Organic Electronics 14 (2013) 575–583 581shows this linear dependency on doping concentration
(data not shown in Fig. 7). Several other studies reported
on the tendency of MoO3 to form clusters or columns
[15,16,35]. It is important to point out, that for these
nano-sized agglomerations only the surface can contribute
to an electron transfer between CBP and MoO3 and that
therefore, the relative intensity of the electronic or vibra-
tional excitation is a measure for the interface area. The
linear intensity increase of the electronic excitation reveals
that the interface area of MoO3 in CBP increases linearly
with the amount of Mo3O9 and gives more information
on the MoO3 cluster growth behavior. If the number of
molybdenum oxide columns would stay constant, but their
diameter would increase for higher Mo3O9 content, theinterface area would only increase with the square root
of the Mo3O9 content. For spherical oxide particles the
exponent would be 2/3 instead of 1/2 for columns. As both
predictions are in clear disagreement to the observation of
a linear increase in surface area, we can clearly state, that
within the observed range of doping concentrations the
average dimensions of the MoO3 agglomerates do not in-
crease signiﬁcantly with doping concentration. We expect
the linear increase of the surface area with doping concen-
tration to arise from an increase of number of agglomer-
ates combined with an increased ramiﬁcation of the
latter. Effectively this yields an increased roughening of
the agglomerates that corresponds to fractal growth
[36,37].
Fig. 8. IR spectra of CBP, CBP:MoO3 (24 mol%) deposited on substrate at room temperature and CBP:MoO3 (23 mol%) deposited onto a cooled substrate. The
straight line indicates the strongest vibration mode of the CBP cation.
582 T. Glaser et al. / Organic Electronics 14 (2013) 575–583Comparing the ratio of Mo3O9 to CBP molecules with
the cation-to-neutral ratio in Fig. 7, we see that 11 ± 3%
of the Mo3O9-clusters create one charged CBP molecule.
Hamwi et al. reported a doping efﬁciency of molybdenum
oxide in CBP of 1.9% (derived for a doping concentration of
17.3 mol% Mo3O9) [14]. This deviation shows that due to
the strong Coulomb forces between the transferred charges
most of them are indeed located at the interface of molyb-
denum oxide and the organic matrix and only a fraction of
the bounded electron hole pairs are able to dissociate and
increase the amount of free charge carriers. Taking the re-
ported doping efﬁciency from the publication of Hamwi
and coworkers (0.019) and dividing by the density of
charged CBP molecules from our experiments (0.11), we
can calculate a dissociation probability of 0.17, meaning
that 17% of the Coulomb bound charges dissociate and
facilitate the conduction process.7. Cold-deposited CBP:MoO3
Since diffusion of adsorbed molecules can be a domi-
nant factor in thin ﬁlm growth processes, we investigated
doping with deposition onto a cooled substrate. The IR
spectra of two doped ﬁlms with a doping concentration
of about 24 mol% and a pseudo thickness of 55 nm CBP
are shown in Fig. 8. One of the ﬁlms was prepared and
measured on a substrate that was cooled to 120 K prior
to deposition, while the substrate of the other ﬁlm was
kept at room temperature during deposition and IR mea-
surement. The ﬁlm deposited onto a cooled substrate
exhibits that the absorption at 1571 cm1 that originates
from the CBP cation, is more intense by a factor of 1.8 com-
pared to the corresponding absorption of the RT sample.
This indicates an increase of the interface area between
molybdenum oxide and CBP. The absorption of the sample
deposited at low temperature shows lower intensity at
1571 cm1, when the IR spectrum is measured after theﬁlm was warmed up to room temperature. The quantiﬁed
intensity change of the mode at 1571 cm1 measured at
120 K and room temperature is included in Fig. 7. A sample
with a MoO3 doping concentration of 54 mol%, which was
deposited on a cooled substrate, also showed more intense
CBP cation absorption. Additionally, for latter sample also
new features and differently shaped electronic excitations,
indicating strong changes in the whole system (spectra not
shown here) were identiﬁed. This proves that by deposi-
tion onto a cooled substrate, the agglomeration of molyb-
denum oxide in CBP can be suppressed. When the ﬁlm
warms up to room temperature diffusion in the organic
matrix leads to larger metal oxide agglomerates, decreas-
ing the interface area to the organic matrix. But still the
ﬁlm that was deposited onto a cooled substrate has a larger
CBP-MoO3 interface. This is also in agreement to TEMmea-
surements of samples which were deposited at low tem-
perature, and where no individual MoO3 particles or
columns could be resolved even when imaged at RT [16].8. Conclusions
We showed that the combination of IR spectroscopy
with quantum chemical calculations is a powerful tool to
understand the doping mechanism of organic semiconduc-
tors on the molecular level. By comparing IR-spectra, ob-
tained from in situ FTIR-spectroscopy on thin ﬁlms, with
DFT calculations we were able to assign the strongest
vibrational modes of MoO3 and CBP. When MoO3 is doped
into CBP, clear changes appear in the ﬁngerprint region of
the spectrum. These can be attributed to the CBP cation
that forms due to the electron transfer to MoO3. By ﬁtting
the measured spectra of CBP and CBP:MoO3 (54 mol%) we
were able to extract the experimental IR spectrum of the
CBP cation. The strongest absorption bands of this experi-
mental spectrum could be assigned to the DFT calculated
vibrational modes of CBP+1.
T. Glaser et al. / Organic Electronics 14 (2013) 575–583 583Additionally, upon doping an electronic excitation
appears at around 3800–5200 cm1 which was attributed
to the formation of interface states at the contact between
CBP and MoO3. Both the vibrational change and the inten-
sity of the electronic excitation show a linear dependence
on the MoO3 concentration in the ﬁlm, indicating a linear
increase of the CBP-MoO3 interface area. From the inten-
sity decrease of vibration mode 9 of the neutral CBP we
can deduct a charge transfer probability of 0.11, meaning
that 11% of the admixed molybdenum oxide trimers gener-
ate one charged CBP molecule. By comparing this value to
the published doping efﬁciency of MoO3 in CBP (1.9%) [14],
we concluded that the created charges are localized at the
CBP-MoO3 interface and only 17% of the created electron–
hole pairs dissociate to contribute to the conduction
process.
By cooling the substrate to 120 K during ﬁlm
deposition, we were able to suppress the formation of
molybdenum oxide agglomerates, which is in accordance
to TEM-measurements [16]. When this cold-deposited ﬁlm
is warmed up to room temperature, the interface in the
ﬁlm gets reduced showing the strong tendency of MoO3
to form clusters within the CBP matrix.
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